A dvances in radiotherapy over the past 50 years have dramatically improved outcomes in patients with malignancy. Five-year overall survival rates for Hodgkin lymphoma and non-Hodgkin lymphoma now stand at 80%, and breast cancer survival is 90%.
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Increased longevity, however, has come at the cost of late side effects such as radiation-induced heart disease (RIHD). Cardiac dysfunction due to radiation involves a spectrum of disease processes in patients who have undergone mediastinal, thoracic, or breast radiotherapy and may involve any cardiac structure, including the pericardium, myocardium, valves, conduction system, and coronary arteries.
Overall, compared with nonirradiated patients, patients who have undergone chest radiotherapy have a 2% higher absolute risk of cardiac morbidity and death at 5 years and a 23% increased absolute risk after 20 years. 2 This article will review the pathophysiology and epidemiology of RIHD and will offer a practical approach to its diagnosis and management.
■ MOST DAMAGE IS ENDOTHELIAL
Cardiac myocytes are relatively resistant to radiation damage because of their postmitotic state. But endothelial cells remain sensitive to radiation, and the pathophysiology of most forms of RIHD appears to be associated with damage to endothelial cells. Conventional cardiac risk factors such as hyperlipidemia
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and smoking have been shown to compound and accelerate radiation-induced endothelial damage in animal models. 3 Radiation is believed to result in transient increases in oxidative stress, resulting in formation of reactive oxygen species and a subsequent infl ammatory response that includes activation of nuclear factor-kappa B. Upregulation of proinfl ammatory pathways results in increased expression of matrix metalloproteinases, adhesion molecules, and proinfl ammatory cytokines and downregulation of vasculoprotective nitric oxide. 4 Indirect evidence for radiation-induced vascular infl ammation comes from numerous studies that demonstrated increased levels of the proinfl ammatory cytokines interleukin 6, tumor necrosis factor alpha, and interferon gamma in Japanese atomic bomb survivors. 5 
■ RISK FACTORS
Risk factors for RIHD are summarized in Table 1 .
The volume of heart irradiated is a major determinant of the development of RIHD. 6 A retrospective study of 960 breast cancer patients in Stockholm between 1971 and 1976 found that those who had received the highest doses and volumes of cardiac radiation had a threefold higher risk of cardiac death. By comparison, those with lesser volumes of the heart exposed to radiation had no increase in risk of cardiac death compared with the general population.
7
Younger age at the time of radiotherapy is associated with an increased risk of RIHD in breast cancer and lymphoma patients. A retrospective analysis of 635 patients under age 21 with Hodgkin lymphoma treated with radiotherapy showed a relative risk of fatal myocardial infarction of 41.5 compared with a general population matched for age, sex, and race. Conventional cardiac risk factors such as smoking, hypertension, diabetes, and hyperlipidemia further increase the risk of RIHD, and radiation increases the cardiotoxicity of chemotherapeutic agents such as anthracyclines. 9 In general, high-risk patients are defi ned as those with at least one risk factor for RIHD who underwent anterior or left-sided chest irradiation ( Table 1) . 10 
■ CORONARY ARTERY DISEASE
Ischemic heart disease is the most common cause of cardiac death in patients who have undergone radiation therapy. Atherosclerotic lesions in RIHD are morphologically identical to those in nonirradiated vessels and are characterized by intimal proliferation, accumulation of lipid-rich macrophages, and plaque formation.
11
A retrospective single-institution study of 415 patients with Hodgkin lymphoma who had undergone radiation therapy found the incidence of coronary artery disease 20 years later to be 10%. The mean time to development of coronary artery disease was 9 years, and all patients who developed it had at least one conventional cardiac risk factor.
12
A meta-analysis of more than 20,000 breast cancer patients who received radiotherapy in 40 randomized controlled trials found an increase in the rate of non-breast-cancer deaths, primarily from vascular causes (annual event ratio 1.27, P < .0001). 13 A randomized controlled trial comparing breast cancer patients who underwent preoperative or postoperative radiotherapy vs those who had surgery alone revealed a signifi cantly higher death rate from coronary artery disease in the postradiotherapy group. 7 The risk of radiation-induced coronary artery disease is proportional to both the dose and the duration of radiation therapy. A retrospective study of more than 2,000 women unLongevity has come at the cost of late side effects such as RIHD dergoing radiotherapy for breast cancer found that the relative risk of coronary artery disease increased linearly by about 7.4% per Gy of radiation to the heart, with no apparent ceiling. 14 The distribution of atherosclerotic coronary arteries correlates well with the areas exposed to the highest doses of radiation. For instance, in left-sided breast cancer, the apex and anterior wall of the heart typically receive the highest doses of radiation; consequently, the left anterior descending and distal diagonal branches are most prominently involved. 15 In patients with lymphoma who undergo radiotherapy to mediastinal nodes and in breast cancer patients receiving radiotherapy to the internal mammary chain, basal structures may be exposed as well. Ostial lesions can also be seen in these patients. 16 The clinical presentation of coronary artery disease in radiotherapy recipients does not differ signifi cantly from that in the general population. Ischemia may be silent, may lead to classic anginal symptoms, or may cause sudden cardiac death. The incidence of silent myocardial infarction has been reported to be higher after mediastinal radiotherapy than it is in the general population, possibly from damage to nerve endings within the radiation fi eld.
17
Management of radiation-associated coronary artery disease Managing patients with radiation-associated coronary artery disease is challenging, but the therapeutic options remain the same as those in nonirradiated patients and include medical therapy, percutaneous coronary intervention, and coronary artery bypass grafting, depending on the site and extent of disease. 18 Although results are confl icting, there does not seem to be a signifi cant difference in the rates of stent restenosis between patients with a history of radiation therapy and the general population.
Percutaneous coronary intervention is generally preferred to coronary artery bypass grafting in these patients for several reasons. Radiation-induced fi brosis of surrounding structures generally makes surgical procedures more diffi cult, 19 and inclusion of the internal mammary artery or internal thoracic artery in the radiation fi eld may result in stenosis of these vessels, rendering them unsuitable for harvesting. 20 Moreover, many patients with RIHD have concurrent radiation-induced lung damage, which increases the risk of perioperative pulmonary complications. 21 If the coronary lesions are not amenable to percutaneous intervention, a careful valvular Younger age at the time of radiotherapy is associated with higher risk FIGURE 1. Three-dimensional echocardiography in a patient with radiation-induced aortic stenosis demonstrates a typical pattern of thickening and calcifi cation affecting the aortomitral curtain (arrows) and the anterior mitral valve leafl et.
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evaluation should be performed preoperatively in view of the frequency of radiation-associated valvular disease. In a study of 72 patients with RIHD undergoing coronary artery bypass grafting, 40% required valvular surgery at the time of surgery or shortly thereafter. 22 Results of studies of coronary artery bypass graft outcomes in patients with a history of thoracic radiation therapy have been confl icting, but success seems to depend on the status of the internal mammary and internal thoracic arteries. 23 Therefore, the patency of these vessels should be elucidated preoperatively by angiography and intraoperatively by visual inspection of the vessels for fi brosis.
A large single-institution study by Wu et al 24 revealed higher short-term and long-term mortality rates in patients with RIHD undergoing cardiac surgery than in control patients without RIHD undergoing similar procedures.
■ VALVULAR DISEASE
Radiation therapy may directly affect heart valves, and both stenotic (Figure 1 ) and regurgitant lesions have been described. Pathologic fi ndings include leafl et retraction, fi brotic thickening, and late calcifi cation. 25 The precise mechanism of radiationinduced valvular disease is unknown but is thought to be a change in the phenotype of valvular interstitial cells from a myofi broblast to an osteoblast-like cell. Radiation results in signifi cant expression of osteogenic factors such as bone morphogenic protein 2, osteopontin, alkaline phosphatase, and runt-related transcription factor 2 by valvular interstitial cells. 26 Valvular heart disease is evident in as many as 81% of patients with RIHD, with the aortic and mitral valves affected more commonly than the tricuspid and pulmonic valves. 27 Why there are more left-sided valve lesions than pulmonic valve lesions, despite the pulmonic valve's anterior position in the heart, is unknown but may be due to higher pressures across the left-sided heart valves.
Although valvular disease is common in patients with RIHD, clinically signifi cant disease is not; more than 70% of patients with radiation-induced valvular disease have no symptoms. A study of 38 cases of radiationinduced valvular disease reported a mean time to development of asymptomatic valvular lesions of 11.5 years and an average time to symptomatic valvular dysfunction of 16.5 years, indicating that 5 years seems to be the interval required for progression from asymptomatic to symptomatic valvular RIHD. 28 The thickness of the aortomitral curtain (the junction between the base of the anterior mitral leafl et and the aortic root) is an independent predictor of the long-term risk of death in patients with valvular RIHD. 29 
Management of radiation-induced valvular disease
Management of patients with valvular RIHD poses a major clinical conundrum because of the high rates of perioperative morbidity and death in patients with a history of chest radiotherapy. In one study, 23 the long-term mortality rate was 45% in postradiotherapy patients undergoing single-valve surgery and 61% in those undergoing surgery on two or more valves, compared with 13% and 17% in patients with no history of chest radiotherapy. 23 Furthermore, valve repair is an unattractive option in these patients because of high failure rates of mitral valve and tricuspid valve repair attributed to ongoing radiotherapy-induced valvular changes after repair. 30 As a result, valve replacement is generally preferred in this group. Patients should be advised of the higher risk of perioperative and long-term morbidity and death associated with open heart surgery than in the general population, and that the risks are even higher with repeat open heart surgery.
This risk has implications for the choice of replacement valves in younger patients. Bioprosthetic valves, which deteriorate over time, may not be advisable. Transcatheter aortic valve replacement has been successful in radiation-induced valvular disease and may become the preferred method of aortic valve replacement. 31 
■ PERICARDIAL DISEASE
Pericardial disease is a frequent manifestation of RIHD and covers a spectrum of manifestations from acute pericarditis, pericardial effusion, and tamponade to constrictive pericarditis. In a necropsy study, 70% of patients with Valvular heart disease is evident in up to 81% of patients with RIHD RIHD were found to have pericardial involvement. 32 The mechanism is believed to be radiation-induced microvascular injury resulting in increased capillary permeability and the sometimes rapid development of a protein-rich exudate. Associated infl ammation may cause acute pericarditis, which may eventually be complicated by chronic pericarditis. The parietal surface tends to be affected more severely than the epicardium. 33 Perhaps as a result of recent advances such as lower radiation doses, equal weighting of the anterior and posterior fi elds, and subcarinal blocking, incidence rates of pericarditis as low as 2.5% have been reported. 34 Pericardial RIHD may be divided into early acute pericarditis, delayed chronic pericardial effusion, and constrictive pericarditis.
Early acute pericarditis is rare and is thought to represent a reaction to tumor necrosis. It is defi ned as occurring during radiotherapy and occurs almost exclusively with high-dose radiotherapy for lymphoma. Due to the relatively benign course of acute pericarditis and fear of tumor recurrence, it is not an indication to withhold radiotherapy.
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Delayed chronic pericardial effusion occurs months to years after radiotherapy, is typically asymptomatic, and presents as an enlarged cardiac silhouette on chest imaging. 35 Delayed pericardial effusion is followed with imaging. While in many cases it resolves within 2 years, it may also be long-standing. Pericardiocentesis or a pericardial window may be performed to treat symptomatic effusion or delayed effusion causing hemodynamic compromise. [35] [36] [37] Hypothyroidism should be ruled out, as it can complicate mantle irradiation and result in chronic pericardial effusion.
38
Constrictive pericarditis may occur as a late complication of radiotherapy and typically causes symptoms of congestive heart failure. Pericardial stripping in these patients is complicated by the possibility of coexisting RIHD of the valves, myocardium, or coronary arteries, as well as mediastinal fi brosis. A study of 163 patients who underwent pericardial stripping for chronic pericarditis found a 7-year overall survival rate of only 27%, far lower than the rate for those who had no history of radiation exposure. 39 Therefore, these patients are often treated for symptom control with diuretics and a low-salt diet rather than with surgery.
■ MYOCARDIAL DISEASE
Microvascular injury in the myocardium results in chronic ischemia, which may lead to myocardial fi brosis, typically manifesting as diastolic dysfunction. Chest radiotherapy may result in both systolic and diastolic dysfunction, and dilated and restrictive cardiomyopathy are well-recognized complications. 40 Historically, high radiation doses resulted in systolic dysfunction in more than half of patients who underwent thoracic radiotherapy. 41 Now, however, fewer than 5% of patients develop reductions in left ventricular ejection fraction, and most cases of radiotherapy-induced cardiomyopathy have a restrictive pattern. 42 In a single-institution study, diastolic dysfunction was reported in as many as 14% of patients who underwent thoracic radiotherapy for Hodgkin lymphoma. 40 Systolic dysfunction is now seen almost exclusively in patients treated concurrently with cardiotoxic chemotherapeutic agents such as anthracyclines in addition to radiotherapy. 43 In a childhood cancer survival series, the hazard ratio of congestive heart failure in patients who had undergone radiotherapy for Wilms tumor was 6.6-almost identical to the occurrence in sibling controls. By contrast, the hazard ratio increased to 18.3 in those who received doxorubicin in addition to radiotherapy.
44
Treatment of radiation-induced cardiomyopathy Treatment of radiation-induced cardiomyopathy is similar to that for other forms of cardiomyopathy, with an emphasis on symptom management.
Heart transplant may be an option for highly selected patients with end-stage heart failure secondary to RIHD. In one report, a series of four RIHD patients received a heart transplant, and all four survived past 48 months. 45 However, data from the United Network of Organ Sharing revealed an increase in the all-cause mortality rate in patients undergoPericardial disease is a frequent manifestation of RIHD DONNELLAN AND COLLEAGUES ing heart transplant for RIHD compared with those undergoing transplant for cardiomyopathy due to other causes. 46 This trend may be confounded by a higher prevalence of prior cardiac surgery in the RIHD group-itself an established risk factor for poor posttransplant outcomes.
■ CONDUCTION SYSTEM DISEASE
Life-threatening arrhythmias have been reported that are distinct from the common, asymptomatic repolarization abnormalities that occur during radiotherapy. Atrioventricular nodal bradycardia, all degrees of heart block, and sick sinus syndrome have all been reported after chest radiotherapy. As conduction abnormalities do not typically manifest until years after radiotherapy, it is diffi cult to establish causation and, consequently, to defi ne incidence.
Right bundle branch block is the most common conduction abnormality because of the proximity of the right bundle to the endocardium on the right side. 47 Chest radiotherapy is also associated with prolongation of the corrected QT interval (QTc). A study in patients with a history of thoracic radiotherapy found that the QTc characteristically increased with exercise, a poor prognostic indicator. 48 In a study of 134 survivors of childhood cancer, 12.5% of those who had undergone radiotherapy had a resting QTc of 0.44 msec or more. 49 Furthermore, a study of 69 breast cancer survivors found a higher incidence of conduction abnormalities at 6 months and 10 years after radiotherapy compared with baseline. The characteristic electrocardiographic changes at 6 months were T-wave changes. At 10 years, the T-wave abnormalities had resolved and were replaced by ST depression. 50 As mentioned above, establishing radiotherapy as a cause for these conduction abnormalities is challenging, given the lag between radiation therapy and electrocardiographic changes. The following criteria have been proposed for establishing a link between atrioventricular blockade and prior radiation Table 2) . 10 The European Society of Medical Oncology has also issued guidelines for the prevention, diagnosis, and management of cardiovascular disease associated with cancer therapy.
Briefl y, the guidelines call for aggressive cardiac risk-factor modifi cation through weight loss, exercise, blood pressure control, and smoking cessation, in addition to early detection of RIHD. Cardiovascular screening for risk factors and a careful clinical examination should be performed in all patients. Baseline 
5-Year follow-up
Transthoracic echocardiography for high-risk asymptomatic patients ( Table 1) Noninvasive coronary artery disease assessment with stress echocardiography or stress cardiac magnetic resonance imaging
Repeat transthoracic echocardiography at 5-year intervals
10-Year follow-up
Transthoracic echocardiography for asymptomatic non-high-risk patients Repeat transthoracic echocardiography every 5 years thereafter comprehensive transthoracic echocardiography is advocated in all patients before starting radiotherapy to detect cardiac anomalies. Beyond this, an annual history and physical examination, paying close attention to the signs and symptoms of cardiopulmonary disease, is essential. The development of new cardiopulmonary symptoms or a new physical fi nding such as a murmur should prompt evaluation with transthoracic echocardiography. In patients without symptoms, screening transthoracic echocardiography at 10 years after the start of radiotherapy is recommended in light of the high probability of diagnosing cardiac disease at this juncture. In patients with no preexisting cardiac disease, surveillance transthoracic echocardiography should be at 5-year intervals thereafter.
In high-risk patients without symptoms (those who have undergone anterior or leftsided radiotherapy and have at least one risk factor for RIHD), initial screening transthoracic echocardiography is recommended 5 years after radiotherapy. These patients have a heightened risk of coronary events as described above and, consequently, are recommended to undergo noninvasive imaging 5 to 10 years after radiation exposure. If this initial examination is negative, stress testing should be repeated at 5-year intervals. Stress echocardiography and stress cardiac magnetic resonance imaging have higher specifi city than stress electrocardiography and therefore are generally preferred. Stress scintigraphy should be used with caution, as it adds to the cumulative radiation exposure.
The role of magnetic resonance imaging and computed tomography depends on the results of initial transthoracic echocardiography and the clinical indication, in addition to the center's expertise and facilities. However, there are currently no data advocating their use as screening tools, except for early detection of porcelain aorta in high-risk patients. 10 
■ MODERN RADIOTHERAPY TECHNIQUES
In recent years, there has been emphasis on exposing the patient to as little radiation as possible without compromising cure. 52 The three major strategies employed to decrease cardiac exposure include reducing the radiation dose, reducing the radiation fi eld and volume, and using newer planning and delivery techniques.
Reducing the radiation dose. It is well recognized that the mean dose of radiation to the heart is a signifi cant predictor of cardiovascular disease, with one study demonstrating a linear increase in the risk of coronary artery disease with increasing mean heart radiation dose (excess relative risk per Gy 7.4%, 95% confi dence interval 3.3%-14.8%).
53
Reducing the radiation fi eld and volume. Modern strategies and computed tomography-based radiotherapy planning have enabled a transition from older techniques such as extended-fi eld radiation therapy, mantle-fi eld radiation therapy, and involved-fi eld radiation therapy to new techniques such as involved-node and involved-site radiation therapy. 54 These have shown promise. For instance, a study in patients with early Hodgkin lymphoma found a mean heart dose of 27.5 Gy with mantlefi eld therapy compared with 7.7 Gy with involved-node therapy. This decrease in mean heart dose was associated with a reduction in the 25-year absolute excess cardiac risk from 9.1% to 1.4% and a reduction in cardiac mortality from 2.1% to 1%.
55
Employing newer planning and delivery systems has also demonstrated some promise in reducing rates of cardiac morbidity and mortality. Extended-fi eld radiation therapy, mantle-fi eld radiotherapy, and involved-fi eld radiation therapy were traditionally based on two-dimensional planning and often resulted in large volumes of myocardium being unnecessarily exposed to large doses of radiation because of the uncertainty in targeting. Involved-site and involved-node radiotherapy are based on computed tomography, resulting in more accurate targeting and sparing of normal tissue.
In addition, newer techniques such as intensity-modulated radiotherapy and proton beam therapy have resulted in further improvements in conformality compared with three-dimensional conformal radiotherapy. 56, 57 Respiratory motion management, including deep inspiration breath-holding and end-inGuidelines call for aggressive risk factor modifi cation and early detection of RIHD DONNELLAN AND COLLEAGUES spiration breath-holding, have decreased the radiation dose to the heart in patients undergoing mediastinal radiotherapy. 58, 59 ■ TOWARD THE GOALS OF PREVENTION
AND EARLIER DETECTION
As survival from breast cancer and lymphoma has increased, we continue to see legacy or latent effects of therapy, such as RIHD. Radiation therapy can affect any cardiac structure and is a major cause of morbidity and death in cancer survivors. Modern radiation techniques use a variety of mechanisms to decrease the radiation dose to the heart. A large body of evidence emanating from an era of higher radiation doses and a lack of knowledge of the cardiac effects of radiation highlight the perilous cardiac consequences of chest radiation. With advances in radiotherapy and the development and widespread implementation of consensus guidelines, we envision earlier detection and less frequent occurrence of RIHD, although the latter trend could be blunted by increased cardiovascular risk factors within the population. Given the lag between irradiation and the cardiac consequences, it may be a number of years before any comparisons can be drawn.
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